We investigate the patterns of failure in the treatment of glioblastoma (GBM) based on clinical target volume (CTV) margin size, dose delivered to the site of initial failure, and the use of temozolomide and intensity-modulated radiotherapy (IMRT). , 161 patients with GBM were treated with radiotherapy with or without concurrent temozolomide. Patients were treated with CTV expansions that ranged from 5 to 20 mm using a shrinking field technique. Patterns of failure and time to progression and overall survival were compared based on CTV margin, use of temozolomide, and use of IMRT. Kaplan Meier analysis was used to estimate survival times, and w 2 test was used for comparison of cohorts.
R adiation therapy fields and treatment volumes for glioblastoma (GBM) have evolved since the 1970s when whole-brain radiotherapy was considered to be standard therapy for patients with GBM. Multiple series including the Brain Tumor Cooperative Group 80-01 randomized trial showed that patients who received a total brain dose of 60 Gy still failed within the highest dose region. As a result, it became standard to treat GBM with sub-whole-brain volumes. 1 The advantage of smaller volumes is the potential to better avoid toxicities such as radionecrosis and cognitive decline. 2, 3 The radiation treatment volumes used for GBM have varied among multiple cooperative groups. The European Organization for Research and Treatment of Cancer (EORTC) has used 2-to 3-cm dosimetric margins around enhancing disease on magnetic resonance imaging (MRI) because 80% to 90% of treatment failures have occurred within this margin. 4 The Radiation Therapy Oncology Group (RTOG) has used margins based on data obtained from biopsy studies that have shown tumor extension into peritumoral edema. 5 Hence, RTOG studies call for 2-cm margins beyond the extent of peritumoral edema, followed by a boost volume treating enhancing disease with its own margin. Since 2004, several trials from the New Approaches to Brain Tumor Therapy (NABTT) consortium have used margins as small as a 5-mm clinical target volume (CTV) in the treatment of GBM. 6 Optimal radiation margins for GBM are currently being revisited. The EORTC 26981 trial recently showed a significant survival benefit for the use of concurrent and adjuvant temozolomide with standard radiotherapy. 4 However, patterns of failure have been rarely reevaluated since the standard of care has changed to incorporate temozolomide. As such, it remains unclear whether and how temozolomide affects the pattern of failure of GBM as compared with radiotherapy alone. Furthermore, newer radiation techniques including intensitymodulated radiotherapy (IMRT) use steeper dose gradients to spare critical structures such as the optics and brain stem. Whether these steeper dose gradients change failure patterns in the setting of chemoradiotherapy is not known.
We attempted to analyze patterns of failure of GBM that have been treated during an era in which standards of care and treatment modalities have evolved. Moreover, we paid particular attention to whether the use of limited CTV margins, IMRT, or temozolomide-based chemotherapy changed failure patterns by leading to increasing failure rate outside of the highest dose radiation volume.
METHODS

Data Acquisition and Patient Characteristics
This study was approved by the Wake Forest University Institutional Review Board. The Wake Forest University Radiation Oncology Database was searched for patients with diagnosis of GBM who were treated at our institution with radiation therapy. Patients receiving fewer than the standard 6-week course of radiotherapy and those who were unable to undergo MRI were removed from the analysis. Between August 2001 and May 2010, 161 patients with GBM were treated with fractionated radiotherapy with or without chemotherapy at the Wake Forest University Comprehensive Cancer Center. The CTV margins used for individual patients were based upon physician discretion unless patients were enrolled on a clinical trial, in which case the CTV margins were determined based on the guidelines of the trial. The heterogeneity of CTV margins used in our study was because of the fact that patients were treated over a 10-year period by 4 radiation oncologists.
Patient characteristics and clinical outcome measures were determined using patients' electronic medical records and paper charts. Patient characteristics that were collected included age, sex, race, extent of surgery, use of concurrent and adjuvant chemotherapy, radiation dose and fractionation, and use of IMRT. CTV margins were determined using archived plans from the Pinnacle Treatment Planning System (Philips Healthcare, Andover, MA). A summary of patient characteristics is found in Table 1 .
Patient Follow-up and Response Assessment
Patients were followed clinically by a multidisciplinary team and with serial MRI scans. Imaging was generally performed 1 month after completion of radiotherapy, and then every 2 months for 3 consecutive scans. Imaging was subsequently performed every 3 months or earlier if patients developed new or progressive symptoms. Independent imaging review was conducted for each patient by A.K.P. and a faculty radiation oncologist to determine individual dates of treatment failure. Dates of failure were determined using the Response Assessment in Neuro-Oncology (RANO) criteria as published by Wen et al. 7 Exceptions to dates of failure being defined by the RANO criteria were cases of pseudoprogression, which were defined as an increase in tumor enhancement that later subsides without further treatment as previously described by Taal et al. 8 These dates of failure were determined by the RANO criteria based on evidence of failure after pseudoprogression.
Radiotherapy dosimetry data were obtained from archived plans using the Pinnacle treatment planning system. Treatment planning computed tomographic images containing isodose volumes from patients' treatment were coregistered with the MRI from the date of failure. Location of treatment failure was categorized into the following cohorts: failure within the 60 Gy volume, failure beyond the 60 Gy volume but within the 46 Gy volume, marginal failure (within 2 cm from the 46 Gy volume), and distant failure (beyond 2 cm from the 46 Gy volume). Figure 1 illustrates 2 examples of treatment failure with isodose curves from the radiation treatment plan overlaid onto MRI at the time of failure.
Statistics
Kaplan Meier analysis was performed to estimate survival times. Log rank test was used to compare survival times between populations. w 2 contingency analysis was performed to determine differences in patterns of failure between cohorts. All statistics was performed using the SPSS program.
RESULTS
Patterns of Failure
Patterns of failure data are summarized in Table 2 . For patients treated with 5-, 10-, and 15-to 20-mm CTV, 79%, 77%, and 87% experienced a component of first failure in the 60 Gy volume, respectively. For patients treated with 5-, 10-, and 15-to 20-mm CTV, 48%, 55%, and 66% experienced a component of first failure in the 46 Gy volume, respectively. For patients treated with 5-, 10-, and 15-to 20-mm CTV, 41%, 47%, and 55% experienced a marginal failure as a component of first failure, respectively. There was no statistical difference between patients treated with 5-, 10-, 15-to 20-mm margins with regard to 60 Gy failure (P = 0.76), 46 Gy failure (P = 0.51), or marginal failure (P = 0.73).
For patients receiving concurrent temozolomide, 80% experienced failures within the 60 Gy volume, 54% experienced failures within the 46 Gy volume, and 51% experienced marginal failures. For patients receiving radiotherapy alone, 81% experienced failures within the 60 Gy volume, 62% experienced failures within the 46 Gy volume, and 50% experienced marginal failures. There was no statistical difference between patients receiving concurrent temozolomide versus patients who did not receive temozolomide with regard to 60 Gy failure (P = 0.83), 46 Gy failure (P = 0.41), or marginal failure (P = 0.53). There was also no statistical difference between patients receiving IMRT versus 3-dimensional conformal radiotherapy with regard to 60 Gy failure (P = 0.32), 46 Gy failure (P = 0.94), or marginal failure (P = 0.97).
Survival
Kaplan Meier method was used to estimate progressionfree survival and overall survival for cohorts treated with the various CTV margins. Progression-free survival at 1 year was 38%, 42%, and 38% for patients treated with 5-, 10-, 15-to 20mm CTV, respectively (log rank, P = 0.12). Overall survival at 1 year was 52%, 48%, and 38% for patients treated with 5-, 10-, 15-to 20-mm CTV, respectively (log rank, P = 0.256).
Patients who experienced failure within the 46 Gy volume had improved overall survival over patients with 60 Gy volume failures (411 vs. 216 d, P < 0.01). Kaplan Meier plot of patients with 46 versus 60 Gy failures is depicted in Figure 2 .
DISCUSSION
The historical pattern of GBM treatment failure has been predominantly local in patients treated with radiotherapy alone as approximately 80% of patients experienced tumor regrowth within 2 cm of the original tumor. 9 Multiple randomized trials over several decades using such strategies as altered fractionation, 10,11 dose escalation, 12 and radiation sensitizers 13 were unable to change the fact that GBM most commonly fails in the high-dose region of the radiation field. A phase II study from the Massachusetts General Hospital 14 using combined photon and proton radiotherapy-treated tumors to a total dose of 90 cobalt gray equivalent (CGE) and prevented tumor regrowth in the 90 CGE volume in all but a single patient. Tumor regrowth was most commonly seen in the volumes receiving 60 to 70 CGE. Although this was a small study with results that have yet to be reproduced, there was at least the suggestion that some radiation dose threshold potentially existed that could eradicate GBM. Toxicity concerns remain as a significant proportion of patients will experience radionecrosis with dose escalation. In 2005, Stupp et al 4 published the results of the EORTC 26981 trial showing that overall survival in patients receiving concurrent and adjuvant temozolmide was significantly improved over patients treated with radiotherapy alone. Temozolomide acts as an alkylating agent, creating O6-methylguanine within DNA strands within the tumor, and likely potentiating the DNAdamaging effects of radiotherapy. Synergism of concurrent chemotherapy and radiotherapy has been seen in other cancer histologies with improvements seen in both local control and overall survival. 15, 16 As the standard of care has changed for GBM, reassessment of patterns of failure data is necessary to determine whether temozolomide has affected these patterns. However, local control is more difficult to evaluate in GBM treated with temozolomide because of the phenomenon of pseudoprogression. In fact, although the EORTC 26981 trial showed a dramatic improvement in overall survival, progression-free survival was essentially equivalent between the 2 arms because of pseudoprogression. As a result, the RANO criteria have been proposed as a means of normalizing across studies the definition of treatment failure. 7 The RANO criteria were used in the current study to determine the date of treatment failure.
The NABTT consortium has used 5-mm CTV margins in several phase II studies since chemoradiotherapy with temozolomide became the standard of care for GBM. Grossman et al 17 published the survival results of 3 phase II studies conducted by NABTT since the advent of temozolomide with each study showing a significant improvement in survival over the chemoradiotherapy arm of the EORTC 26981 trial. Although this apparent improvement can be derived from a combination of patient selection bias, improving care of patients receiving temozolomide, and improving salvage regimens, these results nonetheless suggested that the smaller NABTT radiotherapy margins are likely not inferior to larger margins used in the EORTC study. There have been 2 series from NABTT institutions assessing patterns of failure of GBM treated with chemoradiotherapy with CTV margins as small as 5 mm. 6, 18 Both of these series show that the predominant local pattern of treatment failure remains unchanged with the use of smaller CTV margins. Our current study showed that the use of smaller CTV margins did not affect pattern of failure either with the addition of temozolomide or IMRT in agreement with previous findings.
The standard CTV margins for patients with GBM are likely to continue to evolve over time. The RTOG has used 2-cm CTV margins around peritumoral edema followed by a cone down volume encompassing the enhancing tumor volume with a 2.5-cm CTV margin. Conversely, the EORTC uses 2 to 3 cm surrounding the tumor volume without any cone down. Recent multi-institutional randomized trials including the RTOG 0525 and EORTC CENTRIC trials have stratified patients based on whether patients received the RTOG or EORTC CTV margins. Preliminary results of RTOG 0525 were recently presented and showed no progression-free survival or overall survival advantages of using RTOG fieldin-field CTV margins or EORTC margins that use no boost volume. 19 The EORTC CENTRIC trial has completed accrual in 2011 but has of yet reported its results.
In the present series, patients who experienced failures within the 46 Gy volume also experienced improved overall survival. This finding suggests that deviations from the predominant pattern of local failure may be due more to the biology of the tumor than to the radiation treatment volumes. Recent evidence has emerged that GBM is a genetically diverse tumor. The epigenetic silencing of O6-methylguanine-DNA methyltransferase (MGMT), a DNA repair enzyme, renders tumors more sensitive to damage caused by temozolomide. 20 It is possible that tumors that exhibit failures within the 46 Gy volume could represent MGMT-methylated tumors that are more chemosensitive and radiosensitive tumors. This has previously been suggested in a publication by Brandes et al 21 that patients with MGMT-methylated tumors have an increased rate of failure outside of the highest dose radiation volume and that these failures occurred generally after a more prolonged interval. Moreover, 46 Gy volume failures could represent a failure to eradicate tumor in the lower-dose regions. Recent microarray analysis has elucidated 4 separate molecular subtypes of GBM that have biologically distinct behaviors insofar as their genetic signature and their survival times. 22 It remains to be studied, however, as to whether biological differences are linked to patterns of failure.
Our report represents the third and largest series documenting no differences in patterns of failure in patients receiving limited margins for GBM. However, there are several limitations of this study. As a retrospective series, there is potential for patient selection bias. Patients treated with 5-mm margins were generally done so under the auspices of a NABTT clinical trial. Although there were multiple trial drugs used during the time period of the current study, there exists the possibility that the trial drugs improved treatment of microscopic disease and allowed for treatment with smaller CTV margins without any worsening of marginal treatment failures. This is also a criticism of the previous 2 published trials using limited CTV margin size. Moreover, molecular data such as MGMT methylation status were unknown in our series, because this testing was not commercially available for the majority of the time during which the patients in this series were diagnosed. This lack of molecular data prevents us from stratifying patients based on molecular subtype and determining whether marginal failures may have been more prevalent in a subtype more sensitive to radiotherapy. Prospective data such as that which will become available with the analyses of the RTOG 0525 and EORTC CENTRIC studies will help to determine whether there are differences in patterns of failure based on molecular differences in GBM.
CONCLUSIONS
Modern treatment techniques including use of concurrent temozolmide, limited CTV margin size, and IMRT have not greatly changed the patterns of failure of GBM. Use of CTV margins as small as 5 mm does not seem to lead to an increase in marginal failures.
